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Abstract: The investigation conducted is aimed at establishing the best operational conditions to
obtain the best output of a 5-cell stack Proton Exchange Membrane fuel cell (PEMFC) with three
different bipolar plate geometries. The work further explores the best input parameters that will
yield the maximum voltage, current power as well as fuel efficiency from each of the three designs
under investigation. A polarization curve was generated for each of the three designs and a surface
response plot developed for each experiment. The work concluded that the spiral design performed
very well compared to the other designs under investigation and even existing on the fuel cell market.
Keywords: design of experiment; spiral design; bipolar plate; fuel cell; polarization curve
1. Introduction
Proton exchange membrane (PEM) fuel cells generate current and voltage using hydrogen gas (fuel)
and oxidant (oxygen) as reactant and platinum as catalyst through an electrochemical process [1–3].
The fuel (hydrogen) is introduced into the fuel cell via the anode flow channels while the oxygen/air
flows through the cathode flow channels. The hydrogen is broken down into two ions at the anodic
region of the fuel cell (hydrogen ions and electrons) using a platinum catalyst as the main inducing
factor. The protons (hydrogen ions) then flow through the membrane to the cathodic area of the
PEMFC where it meets air, forming the byproduct of the electrochemical reaction [4]. The connection
of an external circuit to the fuel cell allow the easy flow of electrons back to the cathode region. The
combination of the oxygen, protons and the electrons form the byproduct of the electrochemical
reaction which is water. For the fuel cell to function properly, it is recommended that the water is
expelled to reduce the possibility of flooding. The high current densities obtained from PEMFC makes
them highly recommended as alternative energy generation mediums to fossil fuels. They also have
good operating temperature range, between 60 and 80 ◦C, and have fast response startups. Figure 1
shows a schematic view of the various components forming PEMFC [5].
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Figure 1. Components in the purchased PEMFC from a US fuel cell store. 
Other advantages of fuel cells are: the type of fuel used can be obtained from other mediums, 
require less maintenance due to less number of moving parts which can lead to wear and tear or 
produce heat. They also do not need charging and will continue to produce power once the fuel is 
supplied to it. Fuel cells have their own limitations as well but the common well-known demerit is 
related to cost. Fuel cells comes in many shapes and forms and each of the type is named according 
to the electrolyte used in their operation. For fuel cells to fairly compete with existing energy-
generation mediums, the cost as well as the weight of the fuel cell must be reduced considerably. 
Pragmatic methods of enhancing the performance characteristics of any fuel cell involve varying the 
operational parameters [6]. It is mainly because operational conditions of the cell contribute 
significantly to the overall current and voltage being generated from the stack. An in-depth 
knowledge of the best operating conditions for the cell will reduce the cost involved in running the 
fuel cell, especially knowing the required fuel needed to obtain the maximum cell output. Again, a 
good understanding of the operational map of fuel cells can contribute to the efficient and judicious 
usage of all the reactive substances needed to support the cell operate at its maximum potential [7]. 
It will also reduce the possibility of destroying the fuel cell. Several researches have been conducted 
on the fuel cell operating conditions to obtain the best output of the fuel cell, but these researches do 
not consider the surface response and design of experiment (DOE) analysis to predict the optimal 
conditions for the cell [8]. 
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Other advantages of fuel cells are: the ty f f l an be obtained from other mediums,
require less maintenance due to less number of ovi g arts hich can lead to wear and tear or
produce heat. They also do not need charging and ill continue to produce power once the fuel is
supplied to it. Fuel cells have their own limitations as well but the common well-known demerit is
related to cost. Fuel cells comes in many shapes and forms and each of the type is named according to
the electrolyte used in their operation. For fuel cells to fairly compete with existing energy-generation
mediums, the cost as well as the weight of the fuel cell must be reduced considerably. Pragmatic
methods of enhancing the performance characteristics of any fuel cell involve varying the operational
parameters [6]. It is mainly because operational conditions of the cell contribute significantly to
the overall current and voltage being generated from the stack. An in-depth knowledge of the best
operating conditions for the cell will reduce the cost involved in running the fuel cell, especially
knowing the required fuel needed to obtain the maximum cell output. Again, a good understanding of
the operational map of fuel cells can contribute to the efficient and judicious usage of all the reactive
substances needed to support the cell operate at its maximum potential [7]. It will also reduce the
possibility of destroying the fuel cell. Several researches have been conducted on the fuel cell operating
conditions to obtain the best output of the fuel cell, but th se researches do n t consider the surface
resp se a d design of experiment (DOE) analysis to predict the optimal conditions for the cell [8].
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1.1. Design of Experiment
DOE software is considered as a numerical method for organizing as well as performing scientific
research that involves changing the variables of an experiment to know their impact on any specific
response. With the least sample size, maximum information can be obtained simply by controlling the
initial variables. DOE is an effective mathematical modelling software to the extent that varying any of
the input parameters can predict the impact on any given response. It gives out information based on
the impact of different factors on a response variable. In some cases, DOE can be used to predict the
optimum settings for those factors. Figure 2 shows the basic steps in any DOE analysis.
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the products they are manufacturing. This is very important as it determines the input parameter 
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information. The one variable at a time approach also involves some risk as the conductor of the 
experiment is limited to finding an input variable which will have immense impact on the output but 
often do not consider that a variation in one parameter will affect the initial input response. It implies 
that the OVAT approach is not highly reliable, time dependent and does not give the best conditions 
and does not consider the relationship effects between the process variables [9]. The statistical 
approach can be used to replace the OVAT experimental approach and this is where DOE becomes 
very useful. It is a mathematical approach of investigating or modelling a system which includes 
organizing, performing, analyzing and elucidating data for experiments conducted by the 
engineering community. It involves designing different tests where changes are carried out on the 
initial parameters of an experimental activity. The effect of these input variations on any response is 
carefully analyzed further to determine if the input variable changes the response independently or 
when combined with other parameters [10]. The effect of different fertilizer on several plots of land 
was determined by Sir R. Fisher around the 1920s [10]. Design of experiment since then has been used 
for several purposes in many fields like biology, pharmacy, engineering etc. For nearly 20 years, it 
has seen an appreciable increase in usage for metal forming and even machining [11], but the most 
common type of design of experiment is the response surface approach, developed by Box and 
Wilson in the 1950s [9]. 
1.2. Surface Response Approach 
This is a set of arithmetic and numerical data analysis method helpful in creating the output 
parameter under investigation with respect to the initial input parameters that can be controlled. 
[12,13]. Once the independent variables are determined, the entire process can be repeated to reduce 
and check for any error. Equation (1) can then be used to represent the response surface. 
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Experiments are conducted in most manufacturing companies to enhance the understanding of the
products they are manufacturing. This is very important as it determines the input parameter (factors)
that leads to the maximum output of the entire manufacturing process. It also influences the target input
variabl in order to get the desired results. Ther are several approaches that can be used to co duct
an expe iment. M st engineers prefer the one-factor-at-a-time (OFAT)/one-variable-at-a-time (OVAT)
approach. This method involves engineers varying one input parameter at a given instance while
maintaining all other variables. This method has recently been replaced using design of experiment
(DOE) because it involves lots of expenses in terms of cost and time to generate little information. The
one variable at a time approach also involves some risk as the conductor of the experiment is limited to
findi g an input vari ble which will have immense impact on the output but often do not consider that
a variation in one parameter will affect the initial input response. It implies that the OVAT approach is
not highly reliable, time dependent and does not give the best conditions and does not consider the
relationship effects between the process variables [9]. The statistical approach can be used to replace
the OVAT experimental approach and this is where DOE becomes very useful. It is a mathematical
approach of investigating or modelling a system which includes organizing, performing, analyzing
and elucidating data for experiments conducted by the engineering c mmunity. It involves designing
different tests where chang s are carried out on the i itial parameters of an experimental activity.
The effect of these input variations on any response is carefully analyzed further to determine if the
input variable changes the response independently or when combined with other parameters [10].
The effect of different fertilizer on several plots of land was determined by Sir R. Fisher around the
1920s [10]. Design of experiment since then has been used for several purposes in many fields like
biology, pharmacy, engineering etc. For nearly 20 years, it has seen an appreciable increase i usage for
met l forming and even machining [11], but the most common type of design of experiment is the
response surface approach, developed by Box and Wilson in the 1950s [9].
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1.2. Surface Response Approach
This is a set of arithmetic and numerical data analysis method helpful in creating the output
parameter under investigation with respect to the initial input parameters that can be controlled. [12,13].
Once the independent variables are determined, the entire process can be repeated to reduce and check
for any error. Equation (1) can then be used to represent the response surface.
z = f (m1, m2, . . . . . .mk) (1)
where variables that are unrelated to each other are represented by k.
The actual correlation between the variables that are unrelated, and their corresponding response
surface can be determined functionally using a polynomial in second order represented by Equation (2).
z = bo +
∑
bimi +
∑
bi jmim j +
∑
biim2ii + ε (2)
1.3. Box–Behnken Design (BBD)
The well-known response surface method design is the Box–Behnken design (BBD) and it is made
up of three level of the various factors represented as −1, 0 and +1. The method was conceptualized by
Box and Behnken in the year 1960 [14]. It involves combining a two-level factorial design with block
designs that that are not completed by means of adding specific number of centre points. Figure 3
shows the Box–Behnken design represented schematically. An advantage of BBD is the fact that they
are designed spherically. Again, it is designed to have the factors run only on three levels. BBDs are
rotatable, meaning the values of z are predictable and they are concomitant to the interval between
a point from the centre point. Again, for a Box–Behnken design, the important area is similar to the
region of operability and does not involve runs because all the factors are either positive one (+1) or
negative one (−1) level and these specific regions are described as corner points. It is very beneficial,
especially in instances where the corner points signifies costly or inconvenient runs because they are
found at the end of the range of the factor levels [14].
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Table 1. Box–Behnken-coded data matrix.
Runs P1 P2 P3
i −1 −1 0
ii 1 −1 0
iii −1 1 0
iv 1 1 0
v −1 0 −1
vi 1 0 −1
vii −1 0 1
viii 1 0 1
ix 0 −1 −1
x 0 1 −1
xi 0 −1 1
xii 0 1 1
xiii 0 0 0
xiv 0 0 0
xv 0 0 0
xvi 0 0 0
xvii 0 0 0
The experimental values obtained were then used to generate the response surface model. To
design the response (z) as a function of three factors. The second order polynomial shown in Equation (3)
is used.
z = b0 + b1P1 + b2P2 + b3P3 + b11P21 + b22P
2
2 + b12P1P2 + b13P1P3 + b23P2P3 (3)
Analysis by means of regression was then applied using Design–Expert® analysis codes to
determine the values for the coefficient. The equations used are as shown in Equations (4)–(7).
bo = yo (4)
bi = A
N∑
U=1
Xiuyu (5)
bii = B
N∑
U=1
X2iuyu + C1
N∑
U=1
X2iiy− (yo/s) (6)
bi j = D1
N∑
U=1
XiUX jUyU (7)
where the number of experiments performed is represented by N, the number of factors is also
represented by I and the observations maintained at the centre point on average was A, B, C1 and D1,
which is represented by yo. The three independent variables considered are equal to 1/8, 1/4, −1/16 and
1
4 and sum of squares of each value for the BBD is shown in Equations (8)–(10).
SSbi = A
N∑
U=1
(XiUy2)
2 (8)
SSbi j = Di
N∑
U=1
(XiUX jUyU)
2 (9)
SSii = bo
N∑
U=1
yU + bii
N∑
U=1
X2iUyU −
N∑
U=1
(yU)
2/N (10)
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The developed design was investigated by means of analysis of variance (ANOVA) captured
in Table 2. Statistical importance for the model conceptualized as well as the specific constants and
variables in the regression analysis were determined by means of the sequential F-test. This test
depended on the Prob > F (p-values) and these values were obtained using analysis of variance.
Assuming that Prob > F for the numerical design for every value in the design does not go beyond the
significance level of a (where a = 0.05), then the numerical design is described as adequate, falling in
the boundaries of the confidence interval of (1 − Prob > F). Some parameters like R2, predicted R2 and
adequate precision ratio were carefully investigated specifically in analysis of variance to produce good
results that was in perfect agreement with literature. Value for the R2 can be used to determine the
proportion of variability in a data set accounted for using the proposed model. The proportionality of
the variables can be determined using the values for R2 obtained from the numerical design proposed.
The variability of the numerical design is defined as sum of squares and determined using Equations
(11)–(13). An important modification of R2 is the Adjusted R2.
Table 2. ANOVA for the numerical design.
Term BB Df MB Fcal−Value p-Value or Prob > F
Numerical
design BBM P
Each BB
divided by its’
dff
Each MB
divided by MBr
From table or
software library
P1 BB1 1
P2 BB2 1
P3 BB3 1
P1P2 BB12 1
P1P3 BB13 1
P2P3 BB23 1
P21 BB11 1
P22 BB22 1
P23 BB33 1
Residual BBR N − p − 1 -
Cor Total BBT N − 1 - - -
Sum of squares-model = BBM
N∑
U=1
(CˆU −C)
2
(11)
Sum of squares-residuals = BBR
N∑
U=1
(CU − CˆU)
2
(12)
Sum of square-total = BBT
N∑
U=1
(CU −C)2 = BBM + BBR (13)
R-squared = R2 = [
BBM
BBT
] (14)
Adjusted R-squared
AdjR2 = 1− [
(
BBR
d fR
)
× ( BBT
(d fR + d fM)
]
−1
(15)
Predicted R-squared = Pred R2 = 1−
[PRESS
BBT
]
(16)
PRESS =
∑N
U=1
(CU − Cˆu,−i)
2
(17)
Sustainability 2020, 12, 4488 7 of 23
Adequate precision
Adeq. precision =
maximum
(
Cˆ
)
−minimum
(
Cˆ
)
√
PP×MBR
n
(18)
where C, Cˆ : the data generated from the experiment; PP: model coefficient in terms of number; n:
overall runs performed during experiment; no: Total centre points; dff: degree of freedom; MB: Mean
square; Cˆu,−i: Predicted output.
The numerical design is made up of less significant numerical constants (α) which is normally
p-value higher than the value anticipated to be deleted. Stepwise regression elimination approach,
backward deletion and forward eliminating approach are the well-known automatic ways of carrying
out elimination in ANOVA. Others also prefer the manual approach. The elimination only results
in numerical constants that are significant. It is important the terms are hierarchically kept constant.
The numerical design was seen to be adequate after the model was properly checked in ANOVA.
The response became easy to predict and this led to the generation of 3D contours, perturbation and
interaction plots.
2. Materials and Methods
2.1. Testing of Fuel Cell
The fuel cell which has the serpentine flow plate design was purchased from a fuel cell store in
the United States (US) with an active area of 11.46 cm2. One of the manufacturers specifications was
to have the membrane humidified to prevent the possibility of it drying up. The PEM fuel cell was
dismantled to examine how the various components interacted with each other in the cell, and to get
an idea on the impact of the operating conditions likely to have on each layer in the stack. Figure 1
shows the dismantled view of the fuel cell. The cell was then tested using various parameters and
analyzed through design of experiments. The experiment was performed considering the impact that
three experimental conditions will have on the output for a PEMFC. The various conditions were also
optimized to determine the best operating conditions to achieve the maximum voltage and current.
Several graphs were generated through DOE in response to these operating parameters. The air
pressure was initially set to be below the hydrogen pressure but from the manufacturers’ specification,
the oxygen had to be supplied in large quantities as captured in Table 3.
Table 3. Fuel cell experimental parameters.
Level of Numerical Design −1 0 +1
Input variable level First experiment Second experiment Third experiment
H2 pressure 1 bar 1.75 bar 2.5 bar
O2 pressure 0.8 bar 1.55 bar 2.3 bar
H2 velocities 15 mL/min 82.5 mL/min 150 mL/min
O2 velocities 15 mL/min 82.5 mL/min 150 mL/min
2.2. Experimental Set Up
The experimental set up is as shown in Figure 4. The hydrogen gas was produced using a
hydrogen generator from Peak Instrument, UK, where the reacting oxygen was obtained by directing
air through the air vents of the fuel cell with the aid of a fan. The pressure of the hydrogen fuel was
varied between 1 and 2.5 bar. The fuel (hydrogen) was then directed through a flow meter to determine
the velocity of the gas before entering the fuel cell. Once the gas velocity was determined, the hydrogen
was then passed through a humidified chamber before finally entering the anode region of the fuel cell.
The working environment for the experiment had a relative humidity of 0.74 and the air flow rate was
also determined from the data sheet of the fan used in the experiment. A potentiostat from Gamry
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Instrument was used to generate the polarization curve at each working condition. The open circuit
voltage and current was also determined using a multi meter. A thermocouple was attached to the fuel
cell to determine the cell operating temperature at varying operating condition as shown in Figure 4.
The bipolar plate geometry used in the entire investigation is also shown in Figure 4. The fuel cell was
operated at temperatures in the range of 50–60 ◦C.Sustainability 2020, 12, x FOR PEER REVIEW 8 of 23 
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2.3. Measured Responses
One of the measured responses from the experiment was the voltage (V). According to Ohm’s law,
potential difference (V) is directly proportional to current and this is dependent on the resistance, as
shown in Equation (19).
V = I ×R (19)
where V = potential difference of the circuit, I current obtained from the cell and R is the opposition to
the flow of current in the circuit (resistance).
Potential (V) for PEMFCs is slightly different from other circuit designs. The electrical energy
performance as well as the voltage between the anodic and cathodic region at maximum conditions is
obtained when the fuel cell is being tested under thermodynamically reversible conditions. At any
current density, subtracting the irreversible potential fro the reversible potential gives the net output
voltage of the fuel cell as shown in Equation (20).
V(i) = Vrev −Virrev (20)
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From Equation (20), Vrev = Er: the overall output (reversible) potential of the cell and Virrev: irreversible
potential loss (overpotential) around the PEMFC but
Virrev = vact + vohmic + vconc (21)
V(i) = Er − (vact + vohmic + vconc) (22)
It must also be noted that fuel cell performance is often determined using the polarization curve.
The current as well as voltage are determined from the experiment conducted using the PEMFC and
polarization curve (current against voltage). The cell under normal circumstance will produce current
as long as the reactants are being supplied to it, but the voltage remains constant. The electrical
efficiency is often determined from the open circuit voltage. When the open circuit voltage is low,
the electrical efficiency is also low. A product of the voltage and current gives the power shown in
Equation (23).
P = I ×V (23)
Membrane electrode assemblies (MEA) are categorized depending on their active area. This is
performed by dividing the obtained power and current by active area of the cell stack. Polarization
curves were drawn for each of the conditions. The point of interception on the polarization curve that
exhibits a perfect correlation between high voltage and the overall power density was also reported.
Maximum voltage efficiency for all the design considered were also presented in this article. The
overall voltage obtained when the fuel cell is not producing any current or, in other words, the open
circuit voltage (OPCV), divided by the maximum potential of 1.23 V theoretically, gives the voltage
efficiency as shown in Equation (24).
εvoltage = Vmeasured/Vtheoretical (24)
The hydrogen gas (H2) that goes into reaction with respect to time expressed as a percentage
gives the fuel efficiency. The inefficiencies in PEMFC as well as the unstable gas velocity as they flow
through the various layers of the cell often makes the efficiency low. It can also be determined using
the input velocity of the H2 in relation to current generated from the cell stack using Equation (25)
ε f uel =
(
I
nF
)
v f uel
(25)
I represents the currents obtained during the experimental process and n × F, is maintained as a
constant (2 × 96,485) and this is applicable to all experiments conducted. The pace at which the H2
flows into the cell stack is represented by v f uel. There is variation of this fuel speed with respect to the
three types of gas velocities expressed as flow rates under investigation. An example is representing
the velocity of the gas in terms of flow rate as 82.5 mL/min in mol/second,
82.5 mL/min = 0.001375 L/s or 1.375 × 10−6 (26)
Mole is expressed in unit of mass quite often hence the flow rate is obtained as m/s, where m is
mass and s is seconds. A multiplication of hydrogen density which is 0.08988 g/L (g: grams L: litres)
and the flow rate was then performed. The result generated showed that 0.000124 g of H2 goes into
reaction every second at that specific flow rate. H2. Dividing this result by two gives the molecular
weight because a covalent bond is shared between two hydrogen molecules. It shows that the pace at
which H2 is introduced into the flow channels of the PEMFC is 0.00006179 mol/s. PEMFC efficiency is
also determined using higher heating value for the fuel (hydrogen) as shown in Equations (27) and (28)
also shows an alternative for determining the efficiency of the PEMFC.
η = IV/v f uelHO (27)
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where HO is the higher heating value
η = εvoltage × ε f uel (28)
3. Results
Design of experiment (DOE) is used to analyze each experiment to predict the accuracy and
possibilities of errors during the performance of the experiment. The number of runs for the experiment
is listed randomly and this guarded against some specific constants like time, temperature, humidity,
etc. Several factors were considered in order to determine if the values in the numerical design needs
transformation. Some of the common transformation techniques used are logs z′ = ln(z+ a) and the
square roots z′ = sqrt(z+ a). For instance, where the ratio of the maximum and minimum set of data
point exceeds 10, transformation is often recommended. This is done by means of a click of an icon
which is the diagnostic tag and then choosing the box–Cox option only when required. Transformation
usually makes the results skewed and so it is best to leave the results in their original states. Table 4
shows the measured responses for the current and voltage at different operating conditions.
Table 4. Measured experimental data.
Factor 1 Factor 2 Factor 3 Factor 4 Response 1 Response 2
Std Run A: HydrogenPressure
B: Oxygen
Pressure
C: Hydrogen
Flow Rate
D: Oxygen
Flow Rate Current Voltage
bar bar mL/min mL/min A V
1 1 1 0.8 82.5 82.5 3.8 4.6
3 2 1 2.3 82.5 82.5 3.51 4.55
7 3 1.75 1.55 15 150 3.86 4.64
17 4 1 1.55 15 82.5 3.88 4.71
23 5 1.75 0.8 82.5 150 3.74 4.69
13 6 1.75 0.8 15 82.5 3.91 4.74
6 7 1.75 1.55 150 15 3.58 4.57
5 8 1.75 1.55 15 15 3.49 4.4
10 9 2.5 1.55 82.5 15 3.47 4.39
12 10 2.5 1.55 82.5 150 3.8 4.61
16 11 1.75 2.3 150 82.5 3.95 4.8
20 12 2.5 1.55 150 82.5 3.79 4.71
28 13 1.75 1.55 82.5 82.5 3.65 4.50
25 14 1.75 1.55 82.5 82.5 3.67 4.54
9 15 1 1.55 82.5 15 3.49 4.38
8 16 1.75 1.55 150 150 3.83 4.64
27 17 1.75 1.55 82.5 82.5 3.77 4.79
24 18 1.75 2.3 82.5 150 3.81 4.68
15 19 1.75 0.8 150 82.5 3.73 4.65
26 20 1.75 1.55 82.5 82.5 3.61 4.55
19 21 1 1.55 150 82.5 3.78 4.68
18 22 2.5 1.55 15 82.5 3.76 4.67
22 23 1.75 2.3 82.5 15 3.64 4.55
14 24 1.75 2.3 15 82.5 3.95 4.92
29 25 1.75 1.55 82.5 82.5 3.66 4.66
2 26 2.5 0.8 82.5 82.5 3.69 4.69
21 27 1.75 0.8 82.5 15 3.61 4.67
4 28 2.5 2.3 82.5 82.5 3.9 4.89
11 29 1 1.55 82.5 150 3.65 4.54
3.1. Voltage
At the maximum operating conditions, the normality plot is shown in Figure 5. The normal
plot in diagnostics as shown in Figure 5 below is used to determine whether the results are normally
distributed. Under normal circumstances, the plot depicting the residual should be a linear showing
no abnormalities. From the normality plot, there is linearity between the experimental set points.
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Figure 5. Normality plot at the maximum operating conditions.
Analysis of Variance (ANOVA) for the Voltage
From the ANOVA results tabulated in Table 5, the F-value being 11.04 represents the fact that
the numerical design is significant and only 0.01 percent possibility that an F-value this big can o cur
because of noise. A ain, the dat poi ts of the Prob > F is far elow 0.0500, depicting the fact that
the num rical design terms are significant. This implies that D, AB, B2, . . . , D2 are significant. The
ANOVA shows that he following parameters were signific nt in terms of the voltage analysis.
1. The first order effect of hydrogen pressure (A), oxygen pressure (B), hydrogen flow rate (C) and
oxygen flow rate (D).
2. The second order effect of A2, B2, C2, D2.
3. The two mode of interaction between hydrogen pressure (A) as well as oxygen flow rate (A × D),
oxygen pressure (B) and hydrogen flow rate (B × C).
Table 5. Analysis of variance response surface numerical design for voltage for spiral flow channel.
Term BBm Df MB F-Value
p-Value
Prob > F
Numerical design 0.266 6 0.044 4.72 0.0031 significant
A—Hydrogen pressure 0.021 1 0.021 2.23 0.1497
B—Oxygen pressure . 10 1 0.010 1.09 0.3074
C—Hydrogen flow rate 7.500 × 10−5 1 7.500 × 10−5 8.023 × 10−3 0.9294
D—Oxygen flow rate 0.059 1 0.059 6.29 0.0200
AB 0.067 1 0.067 7.17 0.0137
B2 . 84 1 0.084 8.97 0.0067
C2 0.096 1 0.096 0.0003
D2 0.036 1 0.036 0.0148
Residual 0.21 22 9.349 × 10−3
Lack of fit 0.16 18 8.664 × 10−3 0.70 0.7369 notsignificant
Pure Error 0.050 4 0.012
Cor Total 0.47 28
R2 = 0.8154 Predicted R
2
= 0.8154
Adj R2 =
0.7416
Adequate
precision =
12.015
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The same approach was used for all the three bipolar plate designs which showed that the
interdigitated had the least voltage among the other designs at the maximum operating pressure
conditions. The interdigitated design yielded a voltage of 3.46 V at the maximum pressure and that of
the parallel design yielded a voltage of 4.1 V at the maximum operating conditions. The spiral flow
plate gave the best results. The results obtain showed an increase in voltage for the spiral design from
1 bar (3.96 V) to 2.5 bar (4.9 V), as shown in Figure 6
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explanation to this is that increasing the oxygen flow rate at a reduced hydrogen flow rate
will st make the spiral bipolar plate fu l cel p rform better and this condition s applicable to the
parallel design and the interdigitated design, except that he voltage btained from this designs are low.
Again, for all the pressur s and flow rates used in the xperim nt, the aximum voltage efficiency
obta ned was from the spiral design and this was done with respect t the h ghest th oretical voltage a
open cir uit voltage. The spiral design generated the best results as shown in Figure 7a. The maximum
efficiency obtained for the spiral flow channel was the highest for the flow rates and pressures used
during the analysis. Th spiral flow plate design gave a voltage efficiency of 85.6% for ow r velocities
the H2 and high O2/Air velocities at max mum operating pr ssures. The parallel design gav a
maximum volta e efficiency of 77.5% (Figure 7b), while the interdi itated design gave a maximum
voltage efficiency of 75.5%.
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3.2. Current
The current obtained for all the three (3) designs was not subject to increasing the operational
pressure of the reactive gases. Increasing the pressure led to an increase from 2.4 (1 bar) to 4.5 A at a
maximum pressure of 2.5 bar for the spiral design. The maximum current for all the designs were
obtained at high oxygen and hydrogen flo rates. It is still possible to achieve high current at less
hydrogen flow rate but more oxygen flo rate f r t e s iral esign. From the analysis made in the
design of the xperiment, the highest c . s achieved by an increment in the oxygen
velocity (150 mL/min) and a rise the hydr ( 50 L/min), as shown in Figure 8a. Table 6
contains information about the analysis f nse for cu rent for the spiral design. The
current does not experience any appreciabl i t changes in velocities or flow rates. This
implies that not all the hydrogen supplie i t reacti . This exposes the fact that for the fuel
supplied to the fuel cell to produce ore current, other co ponents in the fuel cell like the membrane
and catalyst layer must be optimized. The interdigitated channel shown in Figure 8c also exhibited an
increase in the current as the oxygen and hydrogen flow rates increased. The obtained current of 4.2 A
for the parallel channel plate shown in Figure 8b was also due to an increase in the flow rates of the
hydrogen and oxygen.
Sustainability 2020, 12, x FOR PEER REVIEW 13 of 23 
 
Figure 7. Maximum voltage efficiency for the (a) spiral design (b) parallel design. 
3.2. Current 
The current obtained for all the three (3) designs was not subject to increasing the operational 
pressure of the reactive gases. Increasing the pressure led to an increase from 2.4 (1 bar) to 4.5 A at a 
maximum pressure of 2.5 bar for the spiral design. The maximum current for all the designs were 
obtained at high oxygen and hydrogen flow rates. It is still possible to achieve high current at less 
hydrogen flow rate but more oxygen flow rate for the spiral design. From the analysis made in the 
design of the experiment, the highest current of 4.5 A was achieved by an increment in the oxygen 
velocity (150 mL/min) and a rise the hydrogen velocity (150 mL/min), as shown in Figure 8a. Table 6 
contains information about the analysis of variance response for current for the spiral design. The 
current does not experience any appreciable increase due to changes in velocities or flow rates. This 
implies that not all the hydrogen supplied go into reaction. This exposes the fact that for the fuel 
su plied to the f el cell to produce more current, other components in the fuel cell like the membrane 
and catalyst layer ust  i ized. The interdig tated channel shown in F gure 8c also exhibited 
an increase in the current as the oxygen and hydrogen flow rat  i sed. The obtained current of 
4.2 A for the parallel channel plate shown in Figure 8b was also due to an increase in the flow rates 
of the hydrogen and oxygen. 
 
 
 
 
 
 Figure 8. Cont.
Sustainability 2020, 12, 4488 14 of 23
Sustainability 2020, 12, x FOR PEER REVIEW 14 of 23 
 
 
Figure 8. Maximum current generated for the three designs under investigation (a) Spiral (b) parallel 
(c) Interdigitated design. 
Table 6. Analysis of variance response surface numerical design for current for spiral flow channel. 
Term 
𝑩𝑩𝒎 Df 𝑴𝑩 F-Value p-Value 
Prob>F 
 
Numerical design 0.44 8 0.056 11.05 <0.0001 significant 
A—Hydrogen pressure 7.500 × 10−3 1 7.500 × 10−3 1.49 0.2361  
B—Oxygen pressure 6.533 × 10−3 1 6.533 × 10−3 1.30 0.2678  
C—Hydrogen flow rate 3.008 × 10−3 1 3.008 × 10−3 0.60 0.4482  
D—Oxygen flow rate 0.17 1 0.17 32.96 <0.0001  
AB 0.062 1 0.062 12.43 0.00021  
Bଶ 0.050 1 0.050 9.85 0.0052  
Cଶ 0.096 1 0.096 19.13 0.0003  
Dଶ 0.036 1 0.036 7.12 0.0148  
Residual 0.10 20 5.027 × 10−3    
Lack of fit 0.086 16 5.404 × 10−3 1.54 0.3658 not significant 
Pure Error 0.014 4 3.529 × 10−3    
Cor Total 0.54 28     
Rଶ = 0.8154 Predicted Rଶ 
= 0.8154 
Adj Rଶ = 
0.7416 
Adequate 
precision = 
12.015 
   
3.3. Generated Power at Intercept 
The area/region on the plot that shows a perfect agreement between maximum cell potential and 
maximum power density is the intercept. The power obtained from the fuel cell according to the 
design of experiment investigation increased as the fuel and oxygen flow rates increased to nearly 21 
W for a 5-cell stack fuel cell at an operating temperature of 60 °C, as shown in Figure 9a. The parallel 
design generated power of 12.96 W at the maximum operating conditions for the 5-cell stack (Figure 
9b), while the interdigitated gave 17.22 W (Figure 9c). For all the designs investigated, running the 
fuel cell from the lower operating conditions (pressure and flow rates) to higher operating conditions 
caused a marginal increase in the overall characteristic performance of the cell stack. 
  
Figure 8. Maximum current generated for the three designs under investigation (a) Spiral (b) parallel
(c) Interdigitated design.
Table 6. Analysis of variance response surface numerical design for current for spiral flow channel.
Term BBm Df MB F-Value
p-Value
Prob>F
Numerical design 0.44 8 0.056 11.05 <0.0001 significant
A—Hydrogen pressure 7.500 × 10−3 1 7.500 × 10−3 1.49 0.2361
B—Oxygen pressure 6.533 × 10−3 1 6.533 × 10−3 1.30 0.2678
C—Hydrogen flow rate 3.008 × 10−3 1 3.008 × 10−3 0.60 0.4482
D—Oxygen flow rate 0.17 1 0.17 32.96 <0.0001
AB 0.062 1 0.062 12.43 0.00021
B2 0.050 1 0.050 9.85 0.0052
C2 0.096 1 0.096 19.13 0.0003
D2 0.036 1 0.036 7.12 0.0148
Residual 0.10 20 5.027 × 10−3
Lack of fit 0.086 16 5.404 × 10−3 1.54 0.3658 notsignificant
Pure Error 0.014 4 3.529 × 10−3
Cor Total 0.54 28
R2 = 0.8154 Predicted R
2 =
0.8154 Adj R
2 = 0.7416
Adequate
precision =
12.015
3.3. Generated Power at Intercept
The area/region on the plot that shows a perfect agreement between maximum cell potential and
maximum power density is the intercept. The power obtained from the fuel cell according to the design
of experiment investigation increased as the fuel and oxygen flow rates increased to nearly 21 W for a
5-cell stack fuel cell at an operating temperature of 60 ◦C, as shown in Figure 9a. The parallel design
generated power of 12.96 W at the maximum operating conditions for the 5-cell stack (Figure 9b),
while the interdigitated gave 17.22 W (Figure 9c). For all the designs investigated, running the fuel cell
from the lower operating conditions (pressure and flow rates) to higher operating conditions caused a
marginal increase in the overall characteristic performance of the cell stack.
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3.4. Hydrogen (Fuel Efficiency)
The fuel cell performance is usually determined using a quadratic plot. The efficiency of the
hydrogen tends to increase for the spiral design at lower flow rates as well as pressures. The fuel
efficiency increased with respect to a rise in oxygen gas velocity. From the plot in Figure 10a, it is
ossible to achi ve a fuel efficiency of 29.6% at low pressures and low flow rates of hydrogen (15
L/min) but medium flow rates of oxygen. The parallel d sign gen rates fuel efficiency of nearly
24.8% at low pressure and low-H2 velocities/flow rates and edium oxygen velocities of 110 mL/min
(Figure 10b). The hydrogen fuel efficiency for the interdigitated design is shown in Figure 10c.
The desirability for all the operating parameters was nearly one, as shown in Figure 11a. There
were also several operating conditions that were varied to achieve the maximum current and voltage
from the fuel cell for all the three designs, but the same analogy was constant for all three flow
plate designs under investigations. Increasing the oxygen flow rate at a reduced current was a key
determiner in attaining maximum current and voltage, as shown in Figure 11b.
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The best approach to cut down the cost needed in running the PEMFC is to know the exact operating
region that would yield the maximum desired output from the fuel cell. This was performed using
DOE as shown in Figure 12a. The yellow regions indicate the area that would produce the maximum
performance from the fuel cell at specific operating conditions for the parallel design. Figure 12b also
shows the interaction of some operating conditions and the maximum current obtainable from these
parameters using the spiral design as the flow channel.
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Figure 11. (a) Model desirability for all the operating conditions (b) Varying the operational parameters
to obtain the maximum performance from the fuel cell.
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For the world to generate energy that is highly efficient but environmentally friendly, many factors
must be taken into consideration. For these new energy generation mediums to compete with existing
ones like fossil fuels, the cost of running these new technologies must be critically investigated. The
industrial community since 1970 has performed several researches to develop an energy-generation
medium that is environmentally friendly. Today, the fuel cell, as explained earlier, is one of the key
recommendations made by scientist around the world to meet this target. Several works are being
carried out on fuel cell stack in order to improve their performance especially in relation to their
internal heat and mass transfer. When the flow plate design allows even distribution of the reactant
into the fuel cell, then the entire membrane surface area containing the platinum catalyst will go into
electrochemical reaction and this in effect will cause more hydrogen ions and electrons to be released
hence improving the cell performance. Performance of PEMFC is highly dependent on the rate at
which electrons are released from the cell or the pace at which hydrogen gas (fuel) is consumed. A
well-designed bipolar plate design will also aid in easy removal of the byproduct of the electrochemical
reaction (water) and this will reduce the possibility of flooding or the number of dead zones in the
fuel cells. The activation losses as well ohmic losses depicted in Figure 13 are likely to reduce. This
report presents a detail investigation conducted on three (3) bipolar plate designs for a 5-cell stack fuel
cell operated 60 and 80 ◦C. Design of experiment helped in the analysis of each of these designs for
different operating conditions for each of the flow plate design under investigation. The best critical
condition at which the fuel well should be operated to obtain the maximum output was also discussed.
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3.5. Voltage, Current and Power fro Design of Experiments (DOE)
Working fuel cell under normal circumstance should have a constant voltage but this is not
a real-case scenario due to irreversibilities in the cell. The polarization curves generated for each
design is shown in Figures 14–16. The activities occurring in the fuel cell encounters some resistances
classified as activation overpotential, ohmic, mass concentration and fuel cross over and internal
current overpotential. The cell operating temperature was maintained for all the experiment and the
membrane electrode assembly used for all the entire fuel cell stack was same for all the bipolar plate
designs. The opposition to the free movement of free electrons referred to as ohmic loss was slightly
different for all the designs under investigation. This was because different bipolar plate designs have
different surface area contact with the membrane electrode assembly (MEA), hence the more reactive
gas go into reaction, and the better the performance of the PEMFC.
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Operating the cell stack at maximum oxygen velocity but low H2 velocity gave the highest OPCV.
Actual OPCV is always less than the theoretical model because of the crossover of species from one
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electrode through the membrane and internal currents. The type of losses occurring in the fuel cell can
also be represented by Equations (29)–(31).
Vi = Vrev −Vact−anode −Vact−cathode −Vohmic −Vconc−anode −Vconc−cathode (29)
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Equation (30) can further be simplified to Equation (31) as shown below.
E = Er − RTαF ln
( iext + iloss
io
)
− RT
nF
ln
( iL
iL − i
)
− iRi (31)
The voltage overpotential needed to overcome the activation energy for the reaction occurring in
the fuel cell electrochemically is called the activation polarization. This usually occurs on the catalytic
region of the PEMFC where reaction between the oxidant and the H2 occurs electrochemically. This
loss is dominant at low current densities and it determines the effectiveness of the catalyst layer at any
specific cell operating temperature. The complexity of this process cannot be overlooked because the
reactive gases, the metallic catalyst (solid in nature) and the electrolyte must all be in good contact in
other to yield the maximum output from the PEMFC. The platinum catalyst plays a crucial role of
reducing the activation barrier but there is still loss in voltage because the rate at which oxygen goes
into reaction is slow. Typical activation polarization is usually between 0.1 and 0.2 V and this reduces
the voltage of a typical fuel cell to less than 1 V. The internal current and cross over is a phenomenon
dominated around the membrane electrode assembly (MEA). The membrane is designed to allow
only protons to flow through them but very often some hydrogen and electrons flow through the
membrane. It implies that not all electrons released can be captured. Hydrogen going through the
membrane further indicates that few electrons will go through the external circuit connected to the fuel
cell. These losses are negligible when the fuel cell is in operation but becomes significant when the
current densities are low or at open circuit voltage. The current generated from the fuel cell is shown
in Equation (32).
i = iext + iloss (32)
Hydrogen that goes through the electrolyte will finally form water which will not make the
PEMFC highly efficient. The crossover of hydrogen is subject to the electrolyte properties like thickness,
permeability and partial pressures. When a fuel cell has an open circuit voltage less than 0.9 V, it means
there is some level of hydrogen leakage.
3.6. I–V Curves (Polarization Curves)
The performance of a fuel cell can be determined using polarization curves (I–V Curves) generated
for the current, power density as well as the voltage. The generated results showed different
characteristic performance for each design. The experiment was conducted at room temperature with
the minimum pressure of 0.7 bar. From the polarization curve obtained, the spiral design performed
better compared to the other bipolar plate designs. Figure 14 shows the results obtained for the
spiral design, while Figures 15 and 16 show the polarization curve for the parallel and interdigitated
design respectively.
4. Discussion
Design of experiment was used in this investigation to determine the operational characteristics
of proton exchange membrane fuel cell. The Box–Behnken approach was adopted in this work using
four input variables. The variables were hydrogen pressure, oxygen pressure, hydrogen flow rate and
oxygen flow rate. From the investigation it was observed that varying the operational parameters
surrounding the fuel cell had effect on the overall performance of the cell. Again, the bipolar plate
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geometry design equally affects the hydrogen consumed during the electrochemical reaction, hence
the overall operational cost of the cell. In spite of the benefits of using the spiral design, there are still
issues in terms of the pressure drop of the gas that need to be addressed before commercialisation
of this novel flow plate. Reducing the weight of the bipolar plate will also reduce the overall cost of
the fuel cell, hence materials that are light in weight but electrically conductive can also be explored
to improve the performance of the fuel cell. The coating of the bipolar plate to further improve the
electrical conductivity but reduce its susceptibility to corrosion will also immensely change the future
prospects of this novel technology.
5. Conclusions
The optimization of fuel cells involves taking into consideration several operational parameters to
validate the best conditions to achieve the maximum output from the PEMFC. Design of experiment
(DOE) helped in generating surface response for three (3) different bipolar plate designs (Spiral, parallel,
interdigitated). The results obtained showed that the bipolar plate design and operational parameters
affected the output characteristics from the PEMFC. A critical study of the analysis of variance (ANOVA)
showed that the experiment was conducted in perfect agreement with an existing approach used
in the literature [15]. The experimental results that were slightly odd were quickly highlighted and
the experiment conducted again. The initial experiment was performed using a single PEMFC with
serpentine flow channel obtained from fuel cell store in the United States. The obtained current from
the single cell was 600 mA and 0.7 V as the voltage. The fuel cell was redesigned as a five-cell stack
with three (3) different bipolar plate designs manufactured at the UWS mechanical workshop. The
purchased fuel cell performance was low compared to results obtained in the literature. The work
further investigated the best bipolar plate design with the optimal operational parameters that would
yield the maximum performance from the PEMFC. The MEA, the GDL as well as the platinum loading
on the MEA were all kept constant for all the experiment conducted for the three bipolar plate designs.
The voltage obtained from all the three designs increased as the rate of oxygen increased at a lower
hydrogen flow rate. The fuel efficiency was also dependent on the pace at which H2 was introduced
into the flow channels of the PEMFC and consumed on the catalyst layer. The newly designed spiral
or vein design showed better performance compared to the parallel and interdigitated design. The
interdigitated design performed slightly well but the spiral design allowed more hydrogen gas to
reach the catalyst layer faster and this phenomenon helped in the release of more electrons, making
the spiral or vein design highly efficient. Even though the spiral design needs more modification to
reduce the number of dead zones, it still gave the best performance compared to the serpentine design
already existing on the fuel cell market and in the literature [16]. The interdigitated equally needs more
modification to enhance the water management in any fuel cell when used as the flow plate design.
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